Aims Root respiration is a major contributor to soil CO 2 flux, and its response to management practices needs to be evaluated. The aim was to determine the effect of management practices (tillage systems and nitrogen fertilization levels) on root respiration and to develop a model able to simulate root respiration and its components. Methods The study was carried out during two contrasting growing seasons (2007-2008 and 2008-2009). Root respiration, including root tissue respiration (R ts ) and rhizomicrobial respiration of exudates (R rz ), was estimated as the difference between the soil CO 2 flux of cropped and bare soil (the so-called root exclusion technique). Additionally a novel sub-model of R ts , was used to simulate root respiration based on root growth and specific root respiration rates. Results Root respiration was reduced under notillage. The model agreed well with the patterns and the amounts of the observed values of root respiration, although prior calibration was needed. Conclusions Root respiration was reduced by the long-term adoption of no-tillage, but was increased by N fertilizer. The root exclusion technique and the model were useful means to estimate root respiration on cropland under semiarid Mediterranean conditions. Additionally the model successfully separated out the theoretical contributions of R ts and R rz to root respiration.
Introduction
The global annual flux of soil carbon dioxide (CO 2 ) has been estimated to be 75-80 Pg CO 2 -C, which is ten times the annual CO 2 emission by fossil fuel combustion (Raich et al. 2002) . Soil CO 2 flux out of soil is an issue of major importance in the study of the biogeochemistry of soil carbon (Del Grosso et al. 2005; Li et al. 1994) , and on the effects of management practices that, in the end, may affect the Soil Organic Carbon content (SOC) of agroecosystems and soil carbon sequestration. Soil CO 2 fluxes have been evaluated in many different ecosystems but less is known about arid and semiarid regions (Raich and Schlesinger 1992) .
The CO 2 flux from the soil integrates all sources of CO 2 production in the soil, including residue decomposition, turnover of native soil organic matter (SOM) and the root derived CO 2 , or root respiration (RR) (Lundergärdh 1926) . RR integrates root tissue respiration (R ts ) and microbial respiration of root exudates and rhizodeposits (R rz ). Both R ts and R rz are tied to the consumption of organic compounds supplied by the above-ground to below-ground biomass. The quantities R ts and R rz make similar contributions to RR in crops and grasses (Kuzyakov and Larinova 2005) . The effects of management practices on soil CO 2 flux may occur through the response of RR (Curtin et al. 2002; Xu and Wan 2008) . The contribution made by RR to the total soil CO 2 flux is needed for a full understanding of the carbon balance in agroecosystems, and the study of the effects of management on soil carbon sequestration.
Estimates of RR can be obtained by the root exclusion technique or from mechanistic models. The root exclusion technique is used to determine RR with the difference between soil CO 2 flux from bare soils (i.e. the loss of C from SOM mineralization only) and soil CO 2 flux from cropped soil (Hanson et al. 2000) . It has been successfully used in pot studies to estimate RR (Gavrichkova and Kuzyakov 2008; Martin and Merckx 1992) . Rochette et al. (1999) , reported the utility of the root exclusion technique to estimate RR in a field experiment on a maize crop. However, it has not been used in croplands under semiarid Mediterranean conditions. This technique for estimating RR could be valuable in semiarid Mediterranean agroecosystems because these soils are poor in SOC and the soil basal respiration is low (<1 μmol m −2 s
−1
).
Mechanistic models describing the flux of soil CO 2 can distinguish the contribution of different sources of CO 2 (Del Grosso et al. 2005 ). An approach known as component integration measures the separate constituent components contributing to soil CO 2 flux, including crop growth and specific root respiration rates (Hanson et al. 2000) . Based on the component integration method, we developed a new sub-model for the simulation of root tissue respiration within the MOTOR system (Whitmore 2007; Whitmore et al. 2011) . The MOTOR system simulates soil CO 2 flux from microbial respiration and SOM decomposition, above-ground and root growth and rhizodeposition. Here we add explicit routines to simulate root respiration which were then integrated with the root growth and soil respiration sub-models.
Previous studies have shown the effects of notillage systems (NT) on soil CO 2 flux, and have usually found a reduction of soil CO 2 flux under NT or minimum tillage (MT) in comparison with conventional intensive tillage systems (CT) (Fortin et al. 1996; Franzluebbers et al. 1995; Sanchez et al. 2002) . Recent work has shown that soil CO 2 flux is reduced under NT even in the long-term (Álvaro-Fuentes et al. 2008; Sainju et al. 2008) . However, the response of root respiration needs to be determined; as it may be affected by tillage systems and it may be responsible for the observed response of soil CO 2 flux. Under semiarid Mediterranean conditions, NT reduces root growth and root proliferation in the soil (Muñoz-Romero et al. 2010) , which may affect root respiration.
Nitrogen (N) fertilization may cause slight increases in soil CO 2 flux during the growing season (Chen et al. 2004; Ding et al. 2007) . Soil CO 2 fluxes may be increased due to greater C input from enhanced plant productivity (Paustian et al. 1997) and/or stimulated rhizosphere respiration (Iqbal et al. 2009; Xu and Wan 2008) . Under semiarid conditions, the response of soil CO 2 flux to N fertilization may be small (Curtin et al. 2002) . However, during the growing season, one might expect to see an increase in soil CO 2 flux with N fertilization due to increased crop growth and below-ground C allocation.
The aim of this work was to evaluate the effects of tillage systems and N fertilization on soil and root CO 2 flux, and to compare RR values with those obtained with a model, which was used to establish the relative contributions of R rz and R ts to RR.
Materials and methods

Experimental data
Study site and crop growth
This study was conducted in a long-term field experiment established in 1996 in Agramunt (Ebro Valley, NE Spain). The mean annual rainfall in the area is 435 mm, and the soil was classified as a Xerofluvent Typic (Soil Survey Staff 1994 ); and three tillage systems: two conservation tillage systems (notillage, NT and minimum tillage, MT) and one intensive tillage system (conventional or inversion tillage, CT). The experimental design was a randomized block with three replicates and a plot size of 50 m×6 m, oriented south to north (Fig. 1) .
Since 1996, weeds have been treated with herbicide prior to seeding before the end of October. Tillage operations were conducted between the end of October and the beginning of November, to 30 cm soil depth under CT, and to 15 cm soil depth under MT. The CT treatment consisted of full inversion tillage with a moldboard plough to a soil depth of 25-30 cm with almost 100% of the residue incorporated into the soil. The moldboard plow consisted of three bottoms of 0.50 m width. The MT treatment consisted tilling the soil to a depth of 10-15 cm. The plough consisted of a tilling operation to 30 cm soil depth. No soil disturbances were carried out in the NT plots, apart from that of the seed drill. Barley (Hordeum vulgare, L., cv. Hispanic) was cropped each year under rainfed conditions (sown by the middle of November and harvested by the end of June). It is the most extended cropping system in the region, and ensures optimization of water use (Álvaro-Fuentes et al. 2009 ). N fertilizer was broadcasted, and its application was split between sowing (1/3) and tillering (2/3).
The respiration study was conducted during the 2007-2008 and 2008-2009 cropping seasons, hereafter referred to as 2008 and 2009 respectively. For this study we used 8 m wide strips at the north and south extremes of the plots in alternate years. The north strip was used in 2008 and the south strip in 2009 (Fig. 1) .
Each 8 m strip was further divided into two 4 m wide strips (Fig. 1) (Fig. 2) . Above-ground dry matter was sampled at major development stages: tillering, beginning of stem extension, anthesis and maturity by cutting three samples of the plants at the surface level along 50 cm strips on each plot. Samples were oven-dried at 65-70°C for 48 h, and then weighted. Aboveground dry matter production was used to evaluate the performance of a crop growth model (Fig. 3) . Anthesis occurred by the end of April, and the grain was harvested at the beginning of July in 2008 and 1 week earlier in 2009. 2008 was a dry year (47% less rainfall during the pre-anthesis period than the interannual mean rainfall during the same period) with wet conditions by May (double the interannual mean rainfall in that month) (Fig. 2) , and 2009 was a wet year (76% more rainfall during the pre-anthesis period than the interannual mean rainfall during the same period) with dry conditions in May (Fig. 2) . In 2008, crop growth was greatly reduced because of the shortage of water. The crop had a patchy distribution in some of the plots under MT and failed under CT. For this reason, the study of soil CO 2 flux and RR in 2008 was limited to NT. Below-ground growth was determined to allow comparison with the modelled root growth. Root biomass (dry weight) was determined on soil samples up to 50 cm depth taken with a 4 cm soil auger. At crop maturity, four samples per plot were taken, two within the row and two between rows, and roots in each sample were recovered by rinsing the soil with water on a 0.5 mm sieve and hand picking the root fragments. Roots were oven dried before weighing.
Soil CO 2 flux measurements and estimation of root respiration
Soil CO 2 flux was measured with an open chamber system 21 cm in diameter (model CFX-1, PPSystems) covering a surface of 341 cm 2 of soil and with a flow rate adjusted to 900 mL min −1 . The chamber was connected to an infrared gas analyzer (model EGM-4, PPSystems). On the CSP, above-ground biomass was removed by cutting 25 cm of a crop row without altering the soil surface and the chamber placed on the soil area where the crop had been removed. Removal of the crop without altering the soil surface has been proven not to modify soil CO 2 flux for a time of 1 h or more (Liu and Li 2006) . The chamber was inserted into a different place each sampling time, to sample an area with respiring roots. The chamber was inserted into the soil to a depth between 1 and 2 cm. Flux readings were taken when values stabilized, normally 3 to 4 min after inserting the chamber into the soil. Measurements at each plot, one on the CSP and another in the BSP, were carried out within the Soil CO 2 flux in the BSP was mainly due to microbial respiration and could be ascribed to the loss of C from SOM mineralization. Field estimates of RR between tillering and maturity were obtained as the difference between soil CO 2 flux in CSP and BSP for each treatment and sampling day, corrected for the diurnal variation and expressed as g of CO 2 -C m
. Soil temperature at 5 and 10 cm depth and gravimetric soil water content, 0-5 cm depth, were also determined at each sampling site. The main objective of these measurements was to be aware of any difference in soil environmental conditions between CSP and BSP.
Model approach
Model description
The model consists of a series of integrated submodels that provide daily estimates of processes relating to soil N and crop growth (Whitmore 2007; Whitmore et al. 2011) . Models describing nitrogen mineralization from soil (Whitmore 2007) , growth of barley (Whitmore 1988 ) and its development (Whitmore 1995) , root growth and the whole soil-crop system (Addiscott and Whitmore 1987; Whitmore et al. 2011) , were modified to partition the respiration between root and soil as described below. The model needs weather, agronomy and soil characteristic data. The meteorological data required for the model are daily values of: precipitation, maximum and minimum temperatures, solar radiation, sunshine hours, atmospheric humidity and wind speed. The agronomic information required is sowing and harvest dates, N fertilizer application (dose and application date) and yield potential. Data on the following soil properties is required by the model: SOC content, bulk density, texture and depth of tillage. The N uptake was limited in the model in 2008 to reduce crop growth to the levels of actual growth observed in the field.
Root respiration model
A novel sub-model of root tissue respiration (R ts ), together with modelled respiration of rhizodeposits (R rz ), was used to simulate RR under the experimental conditions in this study. RR was modeled in relation to the modeled root growth and specific root respiration rates. The amount of CO 2 released by root respiration (R ts ) was modeled as a function of the standing root tissue biomass plus a modification for soil temperature. Osman (1971) reported rates of wheat root respiration at 10, 20 and 30°C and at three different stages of plant growth (Eq. 1). The Q 10 value, which defines the temperature dependence or sensitivity of root tissue respiration to temperature variation, was obtained by fitting lines to his data as follows:
Where i denotes one of six stages of growth based on the accumulation of photo-thermal time: emergence, double ridge, anthesis, ripening, maturity and death (Whitmore 1995) . Q 12 is a parameter for the temperature sensitivity of root respiration at different growth stages, and its value changes with growth stage as described by Osman (1971) taking the values 5 until emergence, 2.2 between emergence and double ridge stage, and 1.6 after that.
Root tissue respiration R ts is then described by Eq. 2:
Where R m is the root mass in each layer in the model, 8 is a constant reflecting the average rate of respiration in mg CO 2 -C per g dry matter per day and takes the value of 26.18 based on Osman (1971) , R F is the proportion of photosynthate that is diverted to roots at growth stage i following van Keulen and Seligman (1987) and takes values of: 1 until emergence, 0.5 until double ridge, 0.2 until anthesis, 0.01 until ripening, and 0 from ripening to death.
Microbial respiration was obtained from the soil organic matter turnover module directly (Whitmore 2007; Whitmore et al. 1997) , which included microbial maintenance respiration, decomposition of SOM, and decomposition of rhizodeposits. The bare soil carried a crop until day 67 after seeding in 2008 and until day 97 in 2009, when the crop growth was stopped in the model. After crop growth ceases, rhizodeposits appear no longer to be produced, reducing substrate availability in the model and hence microbial respiration. The difference in modelled microbial respiration between cropped and bare soil provided the estimate of rhizosphere respiration (R rz ). The sum of modelled R ts and R rz provided a modelbased estimate of the RR.
Input data
Daily precipitation and minimum and maximum temperatures were monitored with a meteorological station at the experimental site, while solar radiation, air humidity and mean wind speed (height: 2 m) were obtained from the weather station from Oliola (Servei de Meteorologia de la Generalitat de Catalunya) at 7 km distance from the experimental site. The agronomic characteristics have been previously presented with the description of the experiment (above).
Statistical analyses
Soil CO 2 flux on CSP and BSP, and estimates of RR were tested with the SAS statistical package (SAS Institute 1990). Measurements showed little correlation between sampling days, as observed in the comparison of individual measurements of any two successive days (data not shown). For this reason we took sampling day as an independent factor. We performed analysis of variance for each cropping season considering the effects of tillage system, N fertilizer level and sampling day as well as its interactions. Where the factor or interaction were statistically significant (P<0.05), we used a multiple comparisons of least-squares means according to Tukey's test to separate treatments means. The goodness of fit of the modelled RR to the observed RR was statistically tested using the methodology in Smith et al. (1997) . (Fig. 4) .
Results
Soil
In 2008, soil CO 2 flux on the BSP decreased in response to N fertilization (Table 2) . Mean fluxes were 0.64, 0.62 and 0.55 μmol CO 2 m −2 h −1 on zero, medium and high N fertilization levels respectively (Fig. 4) . On the CSP, soil CO 2 flux was slightly increased with medium and high fertilizer additions but not significantly different (Table 2) , and mean fluxes were 0.99, 1.06 and 1.11 μmol CO 2 m −2 h −1 on zero, medium and high N fertilization levels respectively. This trend was especially marked during the pre-anthesis period (Fig. 4) .
In 2009, the effects of tillage and N fertilization, the interaction between them, and the interaction between tillage system and sampling day were Table 2 ). The significance between tillage systems and sampling day means that differences among tillage systems appeared over time. Soil CO 2 flux under CT was greatest, modest under MT and least under NT on 5 of the 6 samplings between 142 and 173 DAS. This period corresponded to the period of greatest soil CO 2 fluxes (Fig. 4) and the fastest period of crop growth (Fig. 3) lasting from stem elongation to a few days after anthesis. Differences between zero and medium N fertilization levels were significant under MT, but not under NT or CT, although a similar trend exists under NT (Fig. 4) , despite the fact that these differences are hard to see (Fig. 4) . Values under NT were in between those under MT and CT.
There was little difference in the soil water content and soil temperature between CSP and BSP (data not shown), thus it is fair to assume that differences in soil environmental conditions had little effect on decomposition rates of soil organic matter (Hanson et al. 2000) . Moreover, soil CO 2 fluxes on the BSP were small (<1 μmol CO 2 m −2 h −1 ; Fig. 4 ), in contrast to wetter conditions (Moyano et al. 2007) , where basal soil respiration is greater, and root respiration only represents a minor part of the soil CO 2 flux from cropped soil. Smaller CO 2 fluxes from bare soil of this experiment ensured more reliable estimates of RR. Finally, priming effects may occur in the rhizosphere (Kuzyakov and Larinova 2005) . However, we neglected priming effects since they are usually not large and their nature is in dispute (Brookes et al. 2009; Kemmit et al. 2008; Kuzyakov et al. 2009 ). For these reasons, it was reasonable to assume little differences on microbial respiration and to estimate RR rates as the difference between soil CO 2 flux of CSP and BSP in this experiment.
Estimating of root respiration rates
Root exclusion technique
Field estimates of RR were obtained for the period between tillering and anthesis. Root respiration before tillering was not evaluated, but it was assumed to be low due to reduced above-ground dry matter during that period (Rochette et al. 1999) . Root respiration during growing season was a major contributor to soil CO 2 flux. Cumulative soil respiration of cropped soil during three growing seasons was linearly related to the size of the root system as presented in another study (Morell et al. 2011a ). According to the estimates of RR presented in this study, the contribution of RR to the total soil CO 2 flux was up to 80% around anthesis (Figs. 4 and 5) . 
Model approach
According to the model, and in agreement with our assumptions, RR rate before tillering was less than 0.1 g CO 2 -C m −2 d −1 in both cropping seasons. The maximum RR calculated by the model was 1.1 g CO 2 -C m −2 d −1 2008, and 3.6 g CO 2 -C m −2 d −1 in 2009. In both years, simulated RR was similar under different tillage systems and on medium and high N fertilization levels (Fig. 5) . However the modelled RR on the unfertilized treatments was much less than the observed RR and than RR calculated for medium and high N fertilization levels (Fig. 5) due to a reduction in the simulated crop growth that did not occur in practice (Fig. 3) . As a result the zero N fertilization level has not been considered further in the comparison of measured and modelled RR.
In 2008, we made comparisons between model and measurement until day 168 only, because measured RR rates after day 168 were three times higher than the rates calculated by the model probably due to decomposition of root tissue. In 2009, five of the 17 estimations had to be excluded from the statistical analyses because there were insufficient replicates (3). The relationship between modelled and observed RR was significant in five out of the eight comparisons (Table 3) , with no significant bias in any instance. The model allowed the separation of both sources of root respiration, root tissue respiration and rhizodeposits respiration (Fig. 6) , as well as estimating cumulative values (Table 4) .
Cumulative values of root respiration during the pre-anthesis period in 2008 and during the whole growing seasons in 2009 (Table 4) predicted by the model (Table 4) .
Discussion
Response to tillage and N fertilization Soil respiration coming from microbial respiration, as estimated from soil CO 2 flux on the bare soil (Fig. 4) , (Table 2) . Previous studies have also observed a slight suppression of microbial activity in response to increased N fertilizer application to unplanted soil in a paddy rice field (Iqbal et al. 2009 ). N fertilization may have a negative effect on the decomposition of soil organic matter partly as a result of lower pH (Kowalenko et al. 1978) . On the other hand, soil respiration on the bare soil was greater under NT and MT than under CT in 2009 (Fig. 4) , as has been also observed after rainfall events during fallow periods (Morell et al. 2010) , and it can be attributed to increased return of crop residues under NT, leading to increased substrate availability and microbial respiration. Root respiration rates were greater under MT and CT (Fig. 5 ) than under NT in 2009. There was little difference between treatments in root biomass (Table 4) . However, observations of root length density in another study in this same experiment and in 2009 growing season, showed significant reductions of root growth, from more than 2 cm cm −3 under CT and MT in the top 25 cm to 1.5 cm cm −3 under NT, due to increased bulk density and penetration resistance (Morell et al. 2011b Fig. 5 ), which may be attributed to increased crop growth (Fig. 3) and C translocation below-ground. Kou et al. (2008) also described increased root respiration concomitant with increased above-and below-ground growth. However, the proportional allocation to roots may be reduced at greater N fertilization levels (Johansson 1992) , and the positive response of soil CO 2 due to increased crop growth may be partly counteracted. As suggested by previous authors (Iqbal et al. 2009; Sainju et al. 2008; Xu and Wan 2008) , increased soil CO 2 fluxes in response to N fertilization can be attributed to stimulated root respiration, partly as a result of an indirect effect of N fertilization on the decomposition of the root materials released (Liljeroth et al. 1990) or directly from increased root tissue respiration. The response of crop growth and hence of root respiration to N fertilization under semiarid conditions was limited due to reduced water availability.
Performance of the model
The modelled crop growth had to be limited in 2008 to simulate the reduction of crop growth due to the water limitation that occurred in that year. After this calibration in 2008, the model simulated the pattern of the crop growth, root growth and respiration in both years well, including the higher values between days 150 and 170. Based on the results of this experiment (Fig. 5) , the model confirmed the estimates of RR obtained by the root exclusion technique in many cases (Table 3) . RR rates in a wet year (i.e., 2009) were three times those in a dry year (i.e., 2008; Fig. 5 ). Greater RR rates were observed at the stages of greater rates of crop growth, between days 120 and 170 (Fig. 5) . During this period, C translocation to the root system is lager, and C substrates are used for root growth, root maintenance respiration and active transport processes (Lambers et al. 1987) . The root respiration model predicted little difference in root growth and root respiration (Fig. 5 and Table 4 ) between tillage systems. The reduction of the modelled crop growth on zero N fertilization level was due to a predicted reduction of the soil mineral N content that did not occur in the field (data not shown). Reduced crop growth in the model led to reduced root respiration on this treatment.
The lack of agreement between observed and modelled data during the post-anthesis period in 2009 was attributed to root decomposition. Root biomass is usually reduced between anthesis and crop harvest (Hansson et al. 1991) . However during May 2008, heavy rainfall (Fig. 2) may have accelerated root decomposition of the senescing crop, thus increasing the RR rates determined as the differences between cropped and bare soil. The partial decomposition could partly explain the lack of agreement between observed and modelled root biomass (Table 4) , since a great portion of the root biomass may have been decomposed, while the model only predicts decomposition of a small portion of the root tissue before harvest. Root biomass was only sampled at maturity in this experiment (Table 4) , and we cannot confirm the extent of root decomposition between anthesis, maturity and harvest. Additional samplings of root biomass should be ideally conducted at different growth stages.
Previous work on C allocation with isotopic 14 C pulse-labelling, has reported that half of the C fixed in above-ground dry matter is translocated belowground, of which 62% can be accounted as C input to the soil (rhizodeposits and root biomass), and the remaining 38% would be root respiration (Swinnen et al. 1994) . Taking account of the observed above-ground dry matter in 2009 (Fig. 3) , and the estimates from Swinnen et al. (1994) , we would expect a belowground C translocation between 134 and 238 gC m −2 (with half of the C in the above-ground dry-matter at maturity and assuming 40% of dry matter is carbon) (Fig. 2) , of which between 50.9% and 90.4% would be used in root tissue respiration. These values are close to the estimates obtained in our study with the root exclusion technique (i.e., 53.4 and 105.4 gC m −2 ; Table 4 ). At the same time, according to our simulations, 260 gC m −2 would be translocated below-ground. Considering Swinnen et al.'s (1994) estimates, 98.8 gC m −2 would be root respiration compared to the 89 gC m −2 estimated in the model (Table 4) . The model estimated the relative contributions of root tissue respiration (R ts ) and rhizomicrobial respiration (R rz ) to RR. The modelled RR is the sum of the activity predicted in two processes, R ts and R rz (Fig. 6) . The model approach provided a compartmentalization between these two sources of C (Fig. 6) , with 52% assigned to root tissue respiration (R ts ) and 48% to rhizomicrobial respiration (R rz ), in agreement with those obtained with combination of isotopic and non-isotopic methods (Kuzyakov and Larinova 2005) . A further advantage of the modeling approach is that it is also able to predict day to day variations in RR depending on daily meteorological conditions, photosynthesis, and temperature effects on root and microbial respiration (Fig. 6) , and thus allowing for more precise calculation of cumulative respiration (Table 4) .
Conclusions
Under Mediterranean areas, long-term no-tillage adoption reduced root respiration due to reduced root growth. The increase of root respiration in response to N fertilization was related to the increase in crop growth. However, reduced water availability in Mediterranean conditions limits the response of crop growth and root respiration to N fertilizer addition. Field and modeled root respiration rates were in good agreement in patterns and absolute terms. The model estimated the contribution of root respiration to total soil CO 2 flux, though previous calibration of the pattern and amount of root growth was required. The model establishes a theoretical contribution of rhizomicrobial and root tissue contributions to root respiration.
